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The wetting properties of multi-component liquids are crucial to numerous industrial applications.
The mechanisms that determine the contact angles for such liquids remain poorly understood, with
many intricacies arising due to complex physical phenomena, for example due to the presence of
surfactants. Here, we consider two-component drops that consist of mixtures of vicinal alkane
diols and water. These diols behave surfactant-like in water. However, the contact angles of such
mixtures on solid substrates are surprisingly large. We experimentally reveal that the contact
angle is determined by two separate mechanisms of completely different nature, namely Marangoni
contraction (hydrodynamic) and autophobing (molecular). It turns out that the length of the alkyl
tail of the alkane diol determines which mechanism is dominant, highlighting the intricate coupling
between molecular physics and the macroscopic wetting of complex fluids.
Many industrial processes require a fundamental un-
derstanding of the wetting properties of liquids on solid
surfaces [1]. Examples are inkjet printing [2], oil recovery
[3], and lithography [4]. A key concept in the description
of wetting is the contact angle θ, as defined in Fig. 1.
Properties of the liquid together with the surface chem-
istry of the solid determine the value of θ [5, 6]. The wet-
ting properties and contact angles of single-component
liquids have been extensively studied [7, 8]. However, a
large number of industrial applications require mixtures
of liquids [9] or the addition of surfactant to enhance
their spreading properties [10]. For such complex drops
consisting of two or more components, the wetting prop-
erties are far from understood. The components may
phase separate [11, 12], selectively evaporate [13], emul-
sify [14] and adsorb at interfaces [15], leading to intricate
wetting properties on solid surfaces.
In this Letter, we study the contact angle θ of multi-
component drops, where one of the phases acts as a
surfactant. Figure 1 shows θ of drops consisting of
water–1,2-hexanediol (1,2-HD) mixtures on a piranha
solution-cleaned hydrophilic glass substrate (microscope
coverslips, Menzel-Gla¨ser) with minimal pinning. The
reported angle is attained within seconds after depo-
sition of the drop (cf. Supplementary Material [16]).
The key result of Fig. 1 is that θ continually increases
with the 1,2-HD mass fraction φ. This is surprising for
two reasons. First, 1,2-HD has been shown to exhibit
surfactant-like properties when mixed with water due to
its amphiphilic molecular structure [17–20]. Increasing
the mass fraction φ of 1,2-HD lowers the surface tension
γLV (see the inset of Fig. 1), which normally would lead
to an enhanced spreading. However, the opposite trend
–reduced spreading– is found since θ increases with φ.
FIG. 1. Contact angle (θ) of water–1,2-hexanediol (1,2-HD)
mixtures as a function of the mass fraction (φ) of 1,2-HD,
for various relative humidities (RH). The vertical dotted line
indicates the critical micelle concentration (φCMC ≈ 0.1).
The filled areas indicate the measurement error. Schematic:
Definition of θ. The mass fraction of 1,2-HD (yellow) is higher
near the contact line due to selective evaporation. Inset: Sur-
face tension (γLV) of water–1,2-HD mixtures, measured using
the pendant drop method.
A second surprise is that this increase continues above
the critical micelle concentration φCMC ≈ 0.1 [21]. Even
though γLV remains constant for φ > φCMC, θ contin-
ues to increase. Here we show that these unexpected
features are the result of two mechanisms of different ori-
gins – one of hydrodynamic nature (Marangoni contrac-
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2tion), and the other of molecular nature (autophobing).
Additionally, we show to what extent these mechanism
are sensitive to the molecular structure of the non-water
phase.
Marangoni contraction.—We first turn to the hydro-
dynamic mechanism, which is known as ‘Marangoni con-
traction’ [22]. Some multi-component drops (for exam-
ple water–1,2-propanediol mixtures) can form non-zero
contact angles on high-energy surfaces, even though the
individual liquids themselves perfectly wet the surface at
equilibrium (i.e. θ = 0) [9, 22–25]. There are two require-
ments that need to be satisfied for Marangoni contraction
to occur: i) one of the two liquids must be significantly
more volatile than the other, and ii) the least volatile
liquid should have the lowest surface tension of the two
liquids. Selective evaporation at the contact line (where
the evaporative flux is highest [26]) of the volatile com-
ponent (typically water), then results in a composition
gradient in the drop and a surface tension gradient across
the drop’s interface. This in turn drives a Marangoni flow
towards the center of the drop, which opposes the spread-
ing of the drop, such that the drop is ‘contracted’. The
presence of Marangoni contraction invalidates Young’s
law, which only holds at equilibrium, in the absence of
flow [5, 7].
Water–1,2-HD mixtures are expected to contract, since
1,2-HD is considerably less volatile than water [12], and
has a surface tension lower than that of water (see the
inset of Fig. 1). Figure 2(a) shows the flow field inside a
φ = 0.08 drop, as measured using high resolution micro-
particle image velocimetry (experimental details in Sup-
plementary Material [16]). The blue line indicates the
outer surface of the drop, and the contact line is located
at y = 0. A strong inward flow exists near the surface of
the drop, while an outward flow towards the contact line
is observed in the bulk of the drop. This flow field is typ-
ical for Marangoni contracted drops [22]. To further test
the hypothesis that the increase of θ is due to Marangoni
contraction, we experimentally varied the relative humid-
ity (RH). A low RH enhances the evaporation that drives
the flow inside the drop [27]. Indeed, Fig. 1 shows that
with a lower RH the raise of θ is indeed significantly en-
hanced. Furthermore, the scaling with RH as proposed
by Karpitschka et al. [22] shows good agreement with our
data in the range φ < 0.1, as shown in the Supplemen-
tary Material. Therefore, we conclude that Marangoni
contraction is responsible for the enhanced contact angle
for water-1,2-HD mixtures at small φ.
Marangoni contraction alone, however, cannot explain
the full range of data in Fig. 1. At φ = 1 all surface
tension gradients are removed, but nevertheless, a large
(non-zero) θ is observed. Additionally, a monotonic in-
crease of θ with φ is observed in Fig. 1, even though a de-
crease in θ is expected for φ >∼ 0.6 due to smaller surface
tension gradients and weaker internal flow [22, 25]. Fig-
ure 2(b) shows the velocity field in a drop at φ = 0.22,
FIG. 2. Horizontal velocity component in the drops measured
using high resolution micro-particle image velocimetry. The
blue line indicates the outer surface of the drop. The horizon-
tal lines indicate the velocity, where the direction is indicated
by the location with respect to the vertical dashed line. (a)
Velocity field for φ = 0.08 and RH = 71% (θ = 9◦). (b) Ve-
locity field for φ = 0.22 and RH = 40% (θ = 14◦), which is
significantly weaker than that in (a).
which is almost one order of magnitude smaller than the
velocity in the φ = 0.08 drop (note the difference in
length of the horizontal lines), and it is therefore too
weak to sustain a contracted drop.
Autophobing.—Another mechanism must be responsi-
ble for the large θ measured for large φ. We recall the
surfactant-like nature of 1,2-HD molecules. Surfactant-
containing liquids have long been known to autophobe, a
phenomenon where θ increases due to modification of the
solid surface energy by the surfactant molecules [28–31].
To the best of our knowledge, autophobing has not been
reported or observed for mixtures of water and vicinal
alkane diols, and never in combination with Marangoni
contraction.
To induce autophobing, surfactant molecules have to
adsorb on the solid-liquid interface (inside the drop) or
on the solid-vapor interface (outside the drop), result-
ing in an overall decrease of γSV − γSL, where γSV is
the surface tension of the solid-vapor interface, and γSL
is the surface tension of the solid-liquid interface. In
3FIG. 3. (a) Normalized adsorption density (Γ/Γ∞) as a func-
tion of distance to the contact line (∆x) for several water–
1,2-HD mixtures. (b) Temporal adsorption dynamics of pure
1,2-HD at ∆x ≈ 5 mm. The liquid is deposited at t = 0.
Fig. 3(a) we report the adsorption properties of water–
1,2-HD mixtures under ambient conditions, measured us-
ing ellipsometry (experimental details in Supplementary
Material [16]) [32]. Here, Γ is the number density of ad-
sorbed 1,2-HD molecules normalized by Γ∞, the number
density of adsorbed molecules corresponding to saturated
coverage (measured in a closed chamber with saturated
1,2-HD vapor). All values of Γ/Γ∞ were obtained af-
ter equilibrium was reached, as determined by measuring
the temporal evolution of the adsorbed layer (Fig. 3(b)).
Equilibrium is typically reached within a few minutes af-
ter deposition of the liquid. The adsorbed layer is in
equilibrium with the surrounding atmosphere (or vapor)
– 1,2-HD molecules are continually adsorbing and des-
orbing [32, 33]. Complete desorption of the adsorption
layer upon removal of the liquid typically takes an order
of magnitude longer than the time it takes for the layer
to adsorb (see Supplementary Material [16]).
Figure 3(a) shows clear evidence of the adsorption
of 1,2-HD molecules on the substrate. Additionally, it
shows that Γ/Γ∞ decreases both with the distance to the
contact line ∆x and with φ. This indicates that the con-
centration of 1,2-HD in the vapor surrounding the drop
is of key importance to the equilibrium surface concen-
tration of molecules adsorbed on the substrate. As we
increase ∆x or decrease φ, the concentration of 1,2-HD
molecules in the vapor decreases. Hence, a lower amount
of 1,2-HD molecules is available in the vapor to adsorb
on the substrate, while water becomes more abundant.
Therefore, water coverage increases with increasing ∆x
and decreasing φ, resulting in a lower Γ/Γ∞.
This indeed offers a direct explanation of the result in
Fig. 1, even when φ  φCMC, where θ increases with
φ and decreases with RH. An increase in RH leads to a
lower Γ/Γ∞, due to the increased water coverage. Con-
versely, the 1,2-HD coverage increases by increasing φ.
Adsorbed molecules change the surface energy of the
substrate [34]. The hydrophilic heads of the 1,2-HD
molecules attach to the substrate, and the hydropho-
bic tails are exposed to the ambient, thereby making
the substrate more hydrophobic. This offers clear and
direct evidence that the contact angles of autophobed
drops depend on the RH of the close surrounding of the
contact line. We remind that the internal flow is very
weak at large φ (Fig. 2(b)), for which we thus expect to
recover the true equilibrium contact angle. In Young’s
law, which remains valid at equilibrium in the presence
of surfactants [35], the increased hydrophobicity of the
substrate is reflected in the γSV − γSL term, which be-
comes smaller with increasing Γ/Γ∞. Consequently, θ
must increase, even though γLV remains constant above
the CMC.
Contrary to many previous works on autophobing
[34, 36–41], we do not see an initial spreading phase fol-
lowed by a retraction to the quasi-steady θ (see Supple-
mentary Material [16]). This is likely due to the rel-
atively high diffusion coefficient of 1,2-HD, which is a
result of its small molecular size in comparison to other
more common surfactants [42, 43]. The region of the sub-
strate that is sampled by the liquid in determining the
stationary θ is no larger than 10 µm [44]. The timescale
associated with forming the equilibrium adsorption layer
within this region is smaller than the spreading timescale
[45], which is relatively long due to the high viscosity of
1,2-HD (η ≈ 82 mPa·s [46]).
Effect of the chain length.—Our experiments show
that water–1,2-HD mixtures exhibit a transition between
Marangoni contraction and autophobing. How generic is
the observed competition between Marangoni contrac-
tion and authophobing for mixtures of water and vicinal
alkane diols? Here, we address this question by consid-
ering three shorter vicinal alkane diols: 1,2-propanediol
(1,2-PrD), 1,2-butanediol (1,2-BD), and 1,2-pentanediol
(1,2-PeD), which have three, four, and five carbon atoms
in their chain, respectively. These molecules allow a
systematic study of the influence of the aliphatic chain
length on the wetting properties. All diols are non-
volatile and have a low γLV [47]. Short chain alkane
diols show weaker surfactant-like behavior due to the de-
creased hydrophobicity of the molecule [48].
We study the properties of these diols using the same
procedure as we used for 1,2-HD. Figure 4(a) shows θ as
a function of φ at RH ≈ 60%. Starting at small φ, we
see that all diols follow a universal curve. This is per-
fectly consistent with Marangoni contraction, since this
hydrodynamic mechanism is expected to be insensitive to
molecular details. By contrast, the curves start to diverge
and the length of the aliphatic chain matters for larger φ
– consistent with autophobing. The longest diol studied
in this Letter, 1,2-HD, exhibits strong autophobing be-
havior. As we move to short chain diols, the autophobing
strength becomes smaller, indicated by smaller values of
θ at φ = 1. Additionally, Fig. 4(a) shows that Marangoni
contraction dominates over autophobing up to a larger φ
for shorter diols. While for 1,2-HD, autophobing dom-
4FIG. 4. (a) Contact angle (θ) as a function of mass frac-
tion (φ) for several mixtures of water and vicinal alkane diols
(RH = 60%). The schematics show the structure of adsorbed
1,2-propanediol molecules and 1,2-hexanediol molecules. (b)
Normalized adsorption density (Γ/Γ∞) as a function of dis-
tance to the contact line (∆x). (c) Thickness of the saturated
film (dsat) for several vicinal alkane diols.
inates of Marangoni contraction starting from φ ≈ 0.3,
for 1,2-PrD, by contrast, the full range of φ is consistent
with Marangoni contraction – there is no autophobing at
all.
All four molecules adsorb on the substrate, as
seen from the ellipsometry measurements presented in
Fig. 4(b). However, the reduced autophobing strength
of the shorter diols is caused by the shorter hydropho-
bic chain in these molecules. The distance between the
hydrophilic and hydrophobic parts of the molecule is
smaller in shorter chain molecules, meaning that the po-
lar nature of the hydroxyl groups becomes more relevant
for the surface energy of an adsorbed layer of a short
chain molecule such as 1,2-PrD. The result is a more hy-
drophilic surface and therefore a smaller θ. Figure 4(b)
shows that all diols studied here adsorb onto the sub-
strate with similar Γ/Γ∞. However, as shown in Fig. 4(c),
not all adsorb in the same way as 1,2-HD. Despite their
small size, the saturated thickness dsat of 1,2-PrD and
1,2-BD is larger than that of 1,2-PeD, and only slightly
smaller than that of 1,2-HD. This indicates that 1,2-PrD
and 1,2-BD do not form perfect monolayers, but form
multi-layer disordered structures on the substrate [49].
This is possible due to their relatively short aliphatic
chain length, which leaves their hydroxyl groups par-
tially exposed after one monolayer is adsorbed and allows
for the adsorption of another (disordered) layer, similar
to multi-layered structures of adsorbed water molecules
[49]. Note that the second layer will not be as strongly
bound as the first layer that is directly adsorbed onto
the surface and thus it cannot be considered an ordered,
multilayer system (as seen in the schematic for 1,2-PrD
in Fig. 4(a)). Hence, the surface energy of the substrate
is not strongly affected by the adsorption of 1,2-PrD and
1,2-BD molecules. By contrast, 1,2-PeD and 1,2-HD
adsorb in a monolayer structure (see the schematic for
1,2-HD in Fig. 4(a)), indicated by the increasing thick-
ness between 1,2-PeD and 1,2-HD in Fig. 4(c), and the
fact that the layer thickness of 1,2-PeD is lower than
that of 1,2-PrD and 1,2-BD. This means that the long
aliphatic chains are exposed –which increases the hy-
drophobicity of the surface– and makes the formation
of hydrogen bonds between the hydroxyl groups very
unlikely. Therefore, autophobing occurs at large φ for
molecules with a long aliphatic chain, due to the strong
effect of the adsorbed molecules on the surface energy of
the solid. By contrast, adsorbed molecules with a short
aliphatic chain have little effect on the surface energy of
the solid and Marangoni contraction dominates over the
full range of φ.
Conclusion.—We have shown that the contact angles
of two-component drops consisting of water and a vicinal
alkane diol are determined by two separate mechanisms.
A strong internal flow leads to an unexpectedly high θ for
small φ drops, this mechanism is known as Marangoni
contraction, and is of hydrodynamic nature. At large
φ, some mixtures of water and vicinal alkane diols auto-
phobe due to the adsorption of diol molecules on the sub-
strate. This changes the surface energy of the substrate
leading to an increase of θ. The autophobing strength
depends on the length of the aliphatic chain of the diol.
One can thus tune θ over a large range by selecting the
correct diol (or surfactant) and a particular combination
of φ and RH. Importantly, these mechanisms are generic
and expected to be present in most mixtures containing
(volatile) surfactant-like liquids.
Precise control over the contact angle of a drop is im-
portant in many industrial and natural processes. Our
result may be particularly interesting for applications
that require high contact angles of drops consisting of
low surface tension liquids, such as inkjet printing [50] or
semiconductor processing [9]. Further efforts should be
devoted to a comprehensive theoretical description of the
wetting properties in the autophobing regime, for exam-
ple following the method of Thiele et al. [35].
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